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Abstract
Background: Like mammalian MAP kinases, the mating-specific Fus3 MAPK of yeast accumulates
in the nuclei of stimulated cells. Because Fus3 does not appear to be subjected to active nucleo-
cytoplasmic transport, it is not clear how its activation by mating pheromone effects the observed
change in its localization. One possibility is that the activation of Fus3 changes its affinity for nuclear
and cytoplasmic tethers.
Results: Dig1, Dig2, and Ste12 are nuclear proteins that interact with Fus3. We found that the
pheromone-induced nuclear accumulation of a Fus3-GFP reporter is reduced in cells lacking Dig1
or Dig2, whereas Fus3T180AY182A-GFP localization was unaffected by the absence of these proteins.
This suggests that Dig1 and Dig2 contribute to the retention of phosphorylated Fus3 in the nucleus.
Moreover, overexpression of Ste12 caused the hyper-accumulation of Fus3-GFP (but not
Fus3T180AY182A-GFP) in the nuclei of pheromone-treated cells, suggesting that Ste12 also plays a role
in the nuclear retention of phosphorylated Fus3, either by directly interacting with it or by
transcribing genes whose protein products are Fus3 tethers. We have previously reported that
overexpression of the Msg5 phosphatase inhibits the nuclear localization of Fus3. Here we show
that this effect depends on the phosphatase activity of Msg5, and provide evidence that both nuclear
and cytoplasmic Msg5 can affect the localization of Fus3.
Conclusion: Our data are consistent with a model in which the pheromone-induced
phosphorylation of Fus3 increases its affinity for nuclear tethers, which contributes to its nuclear
accumulation and is antagonized by Msg5.
Background
Mitogen activated protein kinases (MAPKs) respond to a
wide array of external signals, and are presumed to be
present in all eukaryotes. Cellular proliferation, differenti-
ation, and stress responses are all regulated by MAPKs [1-
4]. The well characterized MAPKs function as part of a sig-
naling module in which a MAPK kinase kinase (MEKK)
phosphorylates and thereby activates a MAPK kinase
(MEK), which then phosphorylates and activates the
MAPK. Upon activation, MAPKs phosphorylate targets in
the nucleus, in the cytoplasm, and at the cell cortex [5,6].
Because MAPKs affect targets throughout the cell, their
localization is a critical aspect of signal regulation [7-9]. In
fact, mislocalization of mammalian ERK MAPKs has been
associated with altered signaling [10-13]. Moreover, the
duration of ERK nuclear localization has been reported to
be very important in determining the outcome of ERK
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Immunofluorescence and GFP-tagging experiments have
demonstrated that pathway stimulation causes some
MAPKs to translocate from the cytoplasm to the nucleus
[18-20]. Although nuclear accumulation of MAPKs has
been studied in model systems, the mechanisms that reg-
ulate this phenomenon are not fully understood.
A priori, the nuclear localization of MAPKs can be regu-
lated in two ways: 1) regulated import or export across the
nuclear membrane; 2) release from cytoplasmic tethers
(anchoring proteins) and/or sequestration by nuclear
tethers. Thus far, there are four examples of MAPKs that
are subjected to active transport. In mammals, Erk2 inter-
acts directly with the nuclear pore complex and undergoes
Ran-dependent nuclear import [21-23], whereas Erk3 and
Erk5 are actively exported from the nucleus by the CRM1
exportin [24,25]. In budding yeast, the Hog1 MAPK
undergoes both Ran- and Nmd5-dependent nuclear
import, as well as Crm1-dependent nuclear export [26]. A
number of reports also suggest that tethers influence the
localization of mammalian MAPKs. MEK is thought to be
a cytoplasmic tether for ERK1/2, for example [27]. When
ERK is activated, it releases from MEK, allowing ERK to
localize to the nucleus. PEA-15, hSef, the MKP-3 dual-spe-
cific phosphatase, and the tyrosine phosphatases HePTP
and PTP-SL have also been reported to be cytoplasmic
tethers for ERKs, and β-arrestin is thought to anchor ERK
to endosomal vesicles [28-34]. As yet, DUSP5 is the only
protein reported to tether ERKs in the nucleus [35]. In the
budding yeast S.cerevisiae, the Ptp2 phosphatase and the
Msn2, Msn4, and Hot1 transcription factors act as nuclear
tethers for the Hog1 MAPK, whereas the Ptp3 phosphatase
and the Pbs2 MEK tether Hog1 in the cytoplasm [36-38].
Also in budding yeast, Spa2 retains the Mpk1 MAPK at
sites of polarized growth [39]. Finally, the Atf1 transcrip-
tion factor of S.pombe has been shown to regulate the
nuclear localization of the Spc1/Sty1 MAPK [40].
To better understand the mechanisms controlling MAPK
localization, we are using the mating reaction of S.cerevi-
siae as a model signaling system. When haploid yeast cells
of opposite mating type are mixed, they undergo a com-
plex mating reaction leading to the formation of zygotes.
Each mating type constitutively secretes a peptide mating
pheromone that triggers cells of the opposite type to arrest
in the G1 phase of the cell cycle, form mating projections
(shmoos), and induce mating-specific genes in prepara-
tion for cell and nuclear fusion. The signal to mate is
transmitted across the plasma membrane by a seven trans-
membrane domain receptor and its associated heterot-
rimeric G protein. Upon release from Gα (Gpa1), the Gβγ
dimer binds to the Ste5 scaffolding protein and stimulates
a Pak kinase. These proteins, in turn, are required for acti-
vation of the MAP kinase cascade. The MAP kinase mod-
ule consists of Ste11 (the MEKK), Ste7 (the MEK), and
Fus3 (the MAPK). Upon activation by Ste7 on the Ste5
scaffold, the Fus3 MAPK accumulates at its sites of action
[41-43]. In the nucleus, Fus3 phosphorylates the Ste12
mating-specific transcription factor [44,45], its two nega-
tive regulators, Dig1 and Dig2 [44,46], and a regulator of
cell division, Far1 [44,45,47]. At the cortex, Fus3 is
thought to phosphorylate Bni1 [48] and Gβ [49].
In proliferating cells, Fus3 is found in both the cytoplasm
and the nucleus, with a slightly greater concentration of
Fus3 in the nucleus [50,51]. Upon pheromone stimula-
tion, the relative proportion of Fus3 in the nucleus
increases. To quantify this pheromone-induced nuclear
accumulation of Fus3, we developed an assay that meas-
ures the relative amount of Fus3 in each compartment
[52]. Digital images of cells expressing a Fus3-GFP
reporter were used to determine the ratio of nuclear to
cytoplasmic fluorescence (RNCF). Using this assay, we
confirmed that pheromone induces a measurable accu-
mulation of Fus3 in the nucleus, and found that this
increase in nuclear Fus3 correlates with the responsive-
ness of cells to pheromone. Cells that are resistant to phe-
romone-induced cell cycle arrest have lower RNCF values;
cells that are hypersensitive to pheromone arrest have
higher RNCF values. Moreover, the relative amount of
Fus3 in the nucleus decreases as cells adapt to pheromone
stimulation and re-enter the mitotic cycle. These results
demonstrate that, although the changes in Fus3 localiza-
tion during the induction and downregulation of the phe-
romone response are small (RNCF values typically range
from 1.6 to 2.0), they are of great consequence to the cell.
It is therefore of interest to determine what regulates the
partitioning of Fus3 between the cytoplasm and the
nucleus.
Using fluorescence recovery after photobleaching (FRAP)
and fluorescence loss in photobleaching (FLIP) analyses,
van Drogen and co-workers found no evidence that the
rate of Fus3 transport either into or out of the nucleus is
regulated by pheromone [51]. Rather, they concluded that
Fus3 rapidly shuttles between the nucleus and cytoplasm
by passive diffusion. If the rate of Fus3 transport across the
nuclear membrane is not regulated by pheromone, then
what causes the accumulation of Fus3 in the nuclei of phe-
romone-treated cells? One possibility is that the activation
of Fus3 alters its affinity for cytoplasmic and nuclear teth-
ering proteins. Consistent with this, Fus3 dissociates from
the Ste5 scaffolding protein in the cytoplasm when it is
phosphorylated by Ste7 [53]. Combining this mechanism
with an increased tendency to bind tethers in the nucleus
could account for the observed signal-induced change in
Fus3 localization.Page 2 of 15
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Fus3 in the nucleus (Dig1, Dig2, and Ste12) contribute to
its pheromone-induced redistribution. Our data suggest
that Dig1 and Dig2 are nuclear tethers for Fus3, and that
Ste12 influences Fus3 localization either by directly inter-
acting with it, or by transcribing genes whose protein
products are Fus3 tethers. We also provide evidence that
the phosphorylation state of Fus3 is a key determinant of
its localization, and that the Msg5 phosphatase regulates
Fus3 localization by dephosphorylating it in both the
cytoplasm and in the nucleus. This work supports the idea
that the activation of MAPKs changes their affinity for
anchoring proteins in the cytoplasm and the nucleus,
thereby effecting their signal-induced redistribution.
Results
Dig1 and Dig2 are required for the normal accumulation of 
Fus3 in the nuclei of pheromone-treated cells
Dig1 and Dig2 are nuclear proteins that are known to
interact with both the inactive and active forms of Fus3,
with results from pull-down, two-hybrid, and peptide
array binding experiments suggesting that these interac-
tions are direct [46,54]. They negatively regulate the phe-
romone pathway by binding non-overlapping regions of
Ste12 [55,56], a transcription factor essential for the
expression of mating-specific genes [57-59]. To determine
whether either Dig1 or Dig2 affects the nuclear localiza-
tion of Fus3, we measured the cytoplasmic and nuclear
distribution of Fus3-GFP in wild-type, dig1Δ, and dig2Δ
cells. The distribution of the reporter was not significantly
different in the three strains during vegetative growth (1.7
± 0.17 vs. 1.6 ± 0.19 for dig1Δ vs. wild type, ρ = 0.33; 1.6
± 0.13 vs. 1.6 ± 0.19 for dig2Δ vs. wild type, ρ = 0.40; com-
pare the histograms in Fig. 1). In response to pheromone
treatment, however, the wild-type cells exhibited a signif-
icantly higher concentration of Fus3 in the nucleus as
compared to the mutant cells (1.8 ± 0.12 vs. 2.2 ± 0.14 for
dig1Δ vs. wild type, ρ < 0.0001; 1.9 ± 0.16 vs. 2.2 ± 0.14
for dig2Δ vs. wild type, ρ < 0.0001; compare the histo-
grams in Fig. 1). These data suggest that Dig1 and Dig2
contribute to the nuclear accumulation of Fus3 during the
mating response, but either do not affect the localization
of Fus3 in vegetative cells, or are functionally redundant
in this regard.
Because the effect of dig1Δ and dig2Δ on Fus3-GFP locali-
zation is only detectable after pheromone treatment, and
because pheromone treatment induces the phosphoryla-
tion/activation of Fus3, we wondered whether Dig1 and
Dig2 specifically affect the localization of the phosphor-
ylated form of Fus3. In stimulated cells, the pheromone-
responsive MEK, Ste7, phosphorylates Fus3 on two resi-
dues, T180 and Y182 [60]. To determine the effect of Fus3
phosphorylation on its putative nuclear tethering by Dig1
and Dig2, we used a mutant form of the Fus3 reporter that
cannot be phosphorylated by Ste7, Fus3T180AY182A-GFP
[52]. The mutant reporter localized normally in vegetative
wild type cells, but was defective in pheromone-induced
nuclear accumulation (2.0 ± 0.14 vs. 2.2 ± 0.14 for
Fus3T180AY182A-GFP vs. Fus3-GFP, ρ < 0.0001). Signifi-
cantly, dig1Δ and dig2Δ had no measurable effect on the
localization of the Fus3T180AY182A-GFP reporter (Table 1 -
see additional file 1 for RNCF calculations). The insensi-
tivity of Fus3T180AY182A-GFP localization to deletion of
DIG1 and DIG2 suggests that Dig1 and Dig2 primarily
tether the phosphorylated form of Fus3.
Ste12 overexpression confers hyper-accumulation of Fus3 
in the nuclei of pheromone-treated cells
The Ste12 transcription factor is required for the induction
of many mating-specific genes [57-59]. It localizes to the
nucleus [61] and, based on two-hybrid and biochemical
data, is known to directly interact with Fus3 [45,62].
Therefore, like Dig1 and Dig2, Ste12 might be a nuclear
tether for Fus3. To examine this possibility, we asked
whether overexpression of Ste12 affects the nuclear accu-
mulation of Fus3. We did not test the effect of ste12Δ on
Fus3 localization because Ste12 is essential for normal
activation of the pheromone pathway. A plasmid contain-
ing STE12 under the control of a galactose-inducible pro-
moter was transformed into wild type cells carrying the
Fus3-GFP reporter. Galactose-induced overexpression of
Ste12 did not affect Fus3-GFP localization in vegetative
cells (Fig. 2). However, when Ste12 overexpression was
induced concomitant with the addition of pheromone,
the pheromone-stimulated RNCF was significantly greater
than in the control cells (2.1 ± 0.19 vs. 1.9 ± 0.25 for Ste12
overexpression vs. wild type, ρ = 0.0025; see the 4 hour
time point in Fig. 2). Thus, excess Ste12 causes hyper-
accumulation of Fus3-GFP in the nuclei of pheromone-
treated but not untreated cells. To determine whether this
effect depends on the phosphorylation of Fus3, we
repeated the experiment in cells expressing the
Fus3T180AY182A-GFP reporter. As shown in Figure 2, overex-
pression of Ste12 had no effect on Fus3T180AY182A-GFP
localization (1.9 ± 0.17 vs. 1.9 ± 0.25 for Ste12 overex-
pression vs. wild type, ρ = 0.74; see the 4 hour time point
in Fig. 2), consistent with the idea that Ste12 augments the
nuclear tethering of activated Fus3 (see Additional file 2
for further details).
Msg5 affects the nuclear accumulation of Fus3 by 
dephosphorylating it in both the cytoplasm and the 
nucleus
Msg5 is a pheromone-inducible, dual-specific phos-
phatase known to dephosphorylate and thereby inactivate
Fus3 [63]. We have previously shown that overexpression
of Msg5 lowers the amount of Fus3 found in the nucleus
of vegetative cells [52]. In stimulated cells, excess Msg5
completely blocks the pheromone-induced nuclear accu-Page 3 of 15
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Dig1 and Dig2 are required for the pheromone-induced nuclear accumulation of Fus3Fi ure 1
Dig1 and Dig2 are required for the pheromone-induced nuclear accumulation of Fus3. Strains of the indicated genotype were 
transformed with Fus3-GFP and grown to mid-log phase. The cultures were then split and grown with or without the addition of 12 nM 
pheromone. Images were acquired from the treated and untreated cells three hours later. The RNCF values were determined as 
described in the Materials and Methods, and their distributions represented in histograms. The number of cells (y axis) is plotted as a 
function of the RNCF values (x axis). Mean RNCF values are indicated ± s.d. In each panel, the untreated and treated cultures are repre-
sented by the left and right histograms, respectively. Arrows indicate the mean RNCF value for each culture. Representative micrographs 
from which the quantitative data were derived are shown beneath each histogram. (A)Wild type cells; (B) dig1Δ cells; (C)dig2Δ cells.
BMC Cell Biology 2007, 8:44 http://www.biomedcentral.com/1471-2121/8/44Ste12 overexpression causes hyper-accumulation of Fus3 in the nuclei of pheromone-treated cellsFigure 2
Ste12 overexpression causes hyper-accumulation of Fus3 in the nuclei of pheromone-treated cells. Wild type cells were 
transformed with either the Fus3-GFP reporter or the Fus3T180AY182A-GFP reporter, and either the GAL1-STE12 plasmid or an empty vec-
tor. Strains were grown to mid-log phase in sucrose medium and galactose was added to a concentration of 2% two hours before phe-
romone treatment (GAL1 promoter on). The cultures were then split and grown with or without the addition of 12 nM pheromone. 
Images were acquired from the untreated and treated cultures in 2 hour intervals. The mean RNCF ± s.d. values were determined as 
described in the Materials and Methods, and are represented in histograms as follows: wild type cells expressing Fus3-GFP–untreated 
(white bars) and treated (dark gray bars); wild type cells expressing Fus3-GFP and overexpressing Ste12–untreated (light gray bars) and 
treated (black bars); wild type cells expressing Fus3T180AY182A-GFP and overexpressing Ste12–untreated (stippled bars) and treated 
(hatched bars). Asterisks indicate statistically significant differences between strains with ρ = 0.003. See additional file 2 for images repre-
sentative of each time point sampled for Figure 2.
Table 1: RNCF and ρ values
- + a ρ value b ρ value c
control (Fus3-GFP) 1.6 ± 0.19 2.2 ± 0.14 n/a n/a
Dig1Δ Fus3-GFP 1.7 ± 0.17 1.8 ± 0.12 0.3323 <0.0001
Dig2Δ Fus3-GFP 1.6 ± 0.13 1.9 ± 0.16 0.4017 <0.0001
control (Fus3T180AY182A-GFP) 1.6 ± 0.18 2.0 ± 0.14 n/a n/a
dig1Δ Fus3T180AY182A-GFP 1.5 ± 0.16 2.0 ± 0.22 0.2722 0.1771
dig2Δ Fus3T180AY182A-GFP 1.5 ± 0.15 1.9 ± 0.16 0.0744 0.3527
control (empty vector) 1.6 ± 0.19 2.2 ± 0.14 n/a n/a
Msg5 overexpression 1.4 ± 0.13 1.4 ± 0.20 0.0001 <0.0001
Msg5M45A C319A overexpression 1.4 ± 0.12 1.7 ± 0.14 <0.0001 <0.0001
control (NLS-Msg5M45A/NES- 1.7 ± 0.17 1.9 ± 0.20 n/a n/a
Msg5M45A)
NLS-Msg5M45A C319A/NES-Msg5M45A 1.7 ± 0.18 2.1 ± 0.23 0.8380 0.0003
NLS-Msg5M45A/NES-Msg5M45A C319A 1.6 ± 0.18 2.1 ± 0.20 0.0490 0.0003
aRNCF ± s.d. 3 h after pheromone treatment; bρ value when compared to RNCF of untreated control; cρ value when compared to RNCF of 
pheromone-treated control. n = 25 for all experiments. See additional file 1 for histograms used to calculate the RNCF values for Table 1.Page 5 of 15
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hyper-accumulation of Fus3 in the nucleus [52]. Although
these experiments strongly suggest that Msg5 affects the
localization of Fus3, they do not tell us how. A priori,
Msg5 could mediate its effect on Fus3 by tethering it in the
cytoplasm and/or by dephosphorylating it on either side
of the nuclear membrane. To investigate these possibili-
ties, we first asked where Msg5 itself is located. An Msg5-
GFP reporter was constructed and shown to be functional
by its ability to compliment an msg5Δ allele in pherom-
one-response assays (data not shown). In vegetative cells,
Msg5-GFP appeared to localize uniformly throughout the
cytoplasm and nucleoplasm, and this pattern was
unchanged after pheromone treatment (Fig. 3B). To deter-
mine whether the putative nuclear fluorescence was due
to the presence of Msg5-GFP within the nucleus, and not
simply around it, we compared cells expressing the Msg5
reporter to those expressing Ptp3-GFP. Ptp3 is a tyrosine
phosphatase that inactivates Fus3 and its sister MAPK,
Hog1 [64,65]. The Ptp3-GFP reporter has been shown to
localize exclusively to the cytoplasm [38]. As shown in
Fig. 3A, there is no detectable fluorescence in the nuclei of
cells expressing Ptp3-GFP. This demonstrates that our
imaging system can discern equal nuclear and cytoplas-
mic localization from purely cytoplasmic localization.
Together, these results suggest that Msg5 is distributed
evenly in both compartments, and that its localization
does not change upon pheromone treatment.
Given the apparent distribution of Msg5 throughout the
cytoplasm and the nucleoplasm, the effect of Msg5 on
Fus3 nuclear localization can be explained in either of the
two ways described above: Msg5 might tether Fus3 in the
cytoplasm, just as Ptp3 is thought to tether Hog1 [38].
Alternatively, dephosphorylation of Fus3 by Msg5 might
alter its affinity for anchoring proteins on either side of
the nuclear membrane. Of course, these possibilities are
not mutually exclusive.
To separate the potential abilities of Msg5 to regulate Fus3
by tethering and dephosphorylation, we created a phos-
phatase-dead form of the enzyme, Msg5C319A. The C319A
substitution in Msg5 has been shown to specifically dis-
rupt the catalytic activity of the phosphatase [63]. We then
compared the localization of Fus3-GFP in wild-type cells
and cells overexpressing either Msg5 or Msg5C319A. Excess
Msg5C319A lowered the basal RNCF as effectively as an
excess of wild type Msg5 (Table 1). In contrast, Msg5C319A
was handicapped in its ability to regulate Fus3 localiza-
tion in cells responding to pheromone: Although excess
Msg5C319A lowered the induced RNCF, the pheromone-
stimulated nuclear accumulation of Fus3 was not com-
pletely blocked, as was the case in cells overexpressing
wild-type Msg5 (Table 1). This suggests that the phos-
phatase activity of Msg5 is required for proper regulation
of Fus3 localization during mating.
Does Msg5 inhibit the pheromone-induced change in
RNCF by dephosphorylating Fus3 in the nucleus, the cyto-
plasm, or both? To answer this question, we fused either
the nuclear localization signal (NLS) of the SV40 T anti-
gen [66] or the nuclear export signal (NES) of HIV-1 [67]
to the N-termini of MSG5 and MSG5C319A, preserving the
native MSG5 promoter sequences. Because the MSG5
message has an alternate translational start site at codon
45 [68], we also engineered M45A substitutions in both
constructs, thereby ensuring that all of the Msg5 protein
encoded by the hybrid genes is N-terminally tagged. The
resulting constructs are designated NLS-MSG5M45A, NES-
MSG5M45A, NLS-MSG5M45AC319A, and NES-MSG5M45A
C319A. All are contained on centromeric (i.e., low-copy)
plasmids.
To determine the efficacy of the NLS and NES tags, we
fused GFP to the C-termini of NLS-MSG5M45A, NES-
MSG5M45A, NLS-MSG5M45AC319A, and NES-MSG5M45A
C319A. Cells transformed with NLS-tagged Msg5 reporters
exhibited dramatic nuclear concentration of the GFP sig-
nal, similar to that seen in cells expressing a GFP-tagged
form of the nuclear phosphatase, Ptp2 (compare Figures
3A and 3C). RNCF measurements indicated that about
80% of the GFP-reporter signal was localized in the nuclei
of cells expressing both NLS-Msg5M45A-GFP and NLS-
MSG5M45AC319A-GFP. Cells transformed with NES-tagged
Msg5 reporters exhibited dramatic cytoplasmic concentra-
tion of the GFP signal, similar to that seen in cells express-
ing a GFP-tagged form of the cytoplasmic phosphatase,
Ptp3 (compare Figures 3A and 3D). RNCF measurements
of the NES-tagged reporters indicated that approximately
70% of the reporter was localized to the cytoplasm.
By transforming an msg5Δ Fus3-GFP strain with various
pairs of the NLS-tagged and NES-tagged Msg5M45A and
Msg5M45AC319A centromeric plasmids, we sought to deter-
mine how Fus3 localization would be affected by loss of
Msg5 phosphatase activity in one compartment or the
other. Three strains were created: the NES-MSG5M45A/
NLS-MSG5M45A cells express enzymatically active Msg5 in
both the cytoplasm and the nucleus; the NES-
MSG5M45AC319A/NLS-MSG5M45A cells express Msg5 in
both compartments, but little or no phosphatase activity
in the cytoplasm; and the NES-MSG5M45A/NLS-
MSG5M45AC319A cells express Msg5 in both compartments,
with little or no phosphatase activity in the nucleus.
Because all of the MSG5 alleles are expressed from the
native MSG5 promoter, all are carried on low-copy plas-
mids from the YCplac series [69], and all were trans-
formed into the same msg5Δ strain, the level and
partitioning of Msg5 is very unlikely to vary significantlyPage 6 of 15
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Localization of the wild type, NLS-tagged, and NES-tagged forms of Msg5Figure 3
Localization of the wild type, NLS-tagged, and NES-tagged forms of Msg5. A set of 15Dau transformants carrying various cen-
tromeric reporter plasmids–PTP2-GFP, PTP3-GFP, MSG5-GFP, NLS-MSG5M45A-GFP, and NES-MSG5M45A-GFP–were grown to mid-log 
phase, stained with 20 μg/ml DAPI, and examined using fluorescent and differential interference contrast (DIC) microscopy. In each panel, 
representative images are displayed as follows: FITC (left), DAPI (middle), and DIC (right). RNCF values for Msg5-GFP, NLS-MSG5M45A-
GFP, and NES-MSG5M45A-GFP were quantified in the same manner as for Fus3-GFP, and are represented as histograms. RNCF values are 
indicated as the mean ± s.d. (A)PTP2-GFP cells (top); PTP3-GFP cells(bottom); (B)MSG5-GFP cells; (C)NLS-MSG5M45A-GFP cells; (D)NES-
MSG5M45A-GFP cells.
BMC Cell Biology 2007, 8:44 http://www.biomedcentral.com/1471-2121/8/44amongst the three strains in question. These three strains
should differ only in where Msg5 is enzymatically active.
As shown in Table 1, the basal RNCF values were not sig-
nificantly different in the three strains, suggesting again
that Msg5 phosphatase activity does not play a major role
in regulating the localization of Fus3 in vegetative cells. In
contrast, the pheromone-induced RNCF values were ele-
vated in cells lacking full Msg5 phosphatase activity in
either the cytoplasm or nucleus. This suggests that Msg5
negatively regulates the pheromone response by inactivat-
ing Fus3 both inside and outside of the nucleus.
We have previously established that the relative amount
of Fus3-GFP in the nuclei of pheromone-treated cells cor-
relates with sensitivity to pheromone-induced cell cycle
arrest [52]. To determine whether the deficiency of Msg5
phosphatase activity and the consequent increase in the
induced RNCF also corresponds to heightened sensitivity
to pheromone, we performed halo tests. Compared to our
wild type control strain, the three NES-MSG5/NLS-MSG5
strains all formed smaller halos that were partially filled in
with pheromone resistant colonies (Fig. 4), a phenotype
consistent with overexpression of Msg5 [63]. However,
the three experimental strains were not equally responsive
to pheromone in the halo tests. The cells deficient in cyto-
plasmic Msg5 activity (the NES-MSG5M45AC319A/NLS-
MSG5M45A cells) were more sensitive to pheromone-
induced growth arrest than the cells with full Msg5 activity
in both compartments (the NES-MSG5M45A/NLS-
MSG5M45A cells), and the cells deficient in nuclear Msg5
activity (the NES-MSG5M45A/NLS-MSG5M45AC319A cells)
were the most sensitive of all. This suggests that although
Msg5 regulates pheromone-responsiveness in both the
cytoplasm and the nucleus, the nuclear pool of Msg5 has
a greater impact on the cell's sensitivity to pheromone-
induced cell cycle arrest. These observations also
strengthen the correlation between higher RNCF (more
Fus3 in the nucleus) and greater cellular responsiveness to
pheromone.
Discussion
MAPK signaling modules are designed to relay signals
originating at the plasma membrane to nuclear targets.
This is accomplished by the phosphorylation and activa-
tion of the MAPK in the cytoplasm, followed by its accu-
mulation in the nucleus. The signal-induced
redistribution of the MAPK drives the nuclear responses,
whereas these responses attenuate as the level of active
MAPK in the nucleus declines. The kinetics with which
MAPK nuclear activity rises and falls determines both the
degree of response and, in some cases, the type of
response [14-16]. For example, the decision of rat PC12
cells to proliferate or differentiate into neurites is thought
to be controlled by how long Erk remains active in the
nucleus after stimulation [70]. Clearly, the localization of
MAPKs, like their enzymatic activity, must be tightly regu-
lated.
Like Erk1/2, the mating-specific Fus3 MAPK of yeast regu-
lates a developmental switch between proliferation and
differentiation. Pheromone signaling increases the con-
centration of active Fus3 in the nucleus, which causes cell
cycle arrest and induces the morphogenic changes neces-
sary for efficient mating. The results reported by vanDro-
gen et al. [51] suggest that Fus3 diffuses freely into and out
of the nucleus, at a rate unaffected by pheromone. If phe-
romone has no effect on the rate of Fus3 movement, then
how does it increase the level of nuclear Fus3?
Deficient Msg5 phosphatase activity in either the nucleus or cytoplasm confers increased sens iv ty to pheromoneFigur  4
Deficient Msg5 phosphatase activity in either the nucleus 
or cytoplasm confers increased sensitivity to pheromone. 
Halo tests were performed as described in [83]. (A)Wildtype 
cells; (B) GAL-MSG5 cells; (C) NES-MSG5M45A/NLS-MSG5M45A 
cells; (D)NES-MSG5M45A/NLS-MSG5M45AC319A; (E) NES-
MSG5M45AC319A/NLS-MSG5M45A cells.Page 8 of 15
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One way to explain the pheromone-induced accumula-
tion of nuclear Fus3 in the absence of regulated transport
is differential tethering: Activation of Fus3 could cause it
to dissociate from cytoplasmic tethers (e.g., Ste5) and
bind to nuclear tethers. Although our experiments do not
directly measure the level of active Fus3 in either compart-
ment, our data are consistent with the idea that Fus3 is
tethered by its nuclear substrates. Dig1 and Dig2 are sub-
strates of Fus3, and each interacts directly with Fus3 in the
nucleus. Deletion of either DIG1 or DIG2 conferred a
defect in the accumulation of Fus3 in the nuclei of phe-
romone-treated cells but, even though Dig1 and Dig2
bind to the inactive form of Fus3 [46], had no significant
effect on the nucleo-cytoplasmic partitioning of Fus3 in
vegetative cells (Fig. 1). It is unlikely that the aberrant
localization of Fus3 in pheromone-treated cells is due to a
loss of Fus3 function, as dig1Δ and dig2Δ are reported to
have no effect on Fus3 activity [46]. Therefore, the sim-
plest explanation for our results is that Dig1 and Dig2
enhance retention of the phosphorylated/activated form
of Fus3 in the nuclei of mating cells. Alternatively, dele-
tion of DIG1 and DIG2 could affect the ratio of nuclear to
cytoplasmic Fus3 indirectly by altering the expression of
Ste12-regulated genes. Fus3, Msg5, and Dig2 are all
known to be upregulated by Ste12 [71,72].
Another potential nuclear tether for Fus3 is the Ste12 tran-
scription factor. Ste12 is a substrate of Fus3 and the two
proteins directly interact in the nucleus. We found that
overexpression of Ste12 significantly increased the nuclear
accumulation of Fus3 but not of Fus3T180AY182A-GFP in
pheromone-treated cells (Fig. 2), as would be expected if
Ste12 specifically tethers the activated form of Fus3. It has
been reported, however, that pheromone-treatment sub-
stantially diminishes the Fus3-Ste12 association, as
assayed by co-IP [46]. Therefore, we favor the idea that
Ste12 overexpression affects the nuclear accumulation of
Fus3 indirectly, by hyper-inducing the expression of other
nuclear tethers. Dig2 could be one such downstream
tether, as its transcription is induced by pheromone [71].
Indeed, deletion of DIG2 lessened the effect of Ste12 over-
expression on Fus3 localization, although the difference
between the RNCF data sets was not quite statistically sig-
nificant (data not shown). Unfortunately, we were not
able to directly assess the effect of Ste12-induced tran-
scription on Fus3 RNCF because the available transcrip-
tion- alleles of STE12 all contain large deletions, which
could disrupt Ste12-Fus3 interaction. We conclude that
Ste12 contributes to the retention of Fus3 in the nuclei of
mating cells either by direct interaction with activated
Fus3 or, more likely, by inducing the expression of other
Fus3 nuclear anchoring proteins.
The Msg5 phosphatase regulates Fus3 localization
The dual-specific Msg5 phosphatase inactivates Fus3 by
removing the phosphates on residues T180 and Y182. In
earlier work, we reported that overexpression of Msg5 had
a dramatic effect on Fus3 localization: Excess Msg5 low-
ered the relative amount of nuclear Fus3 in vegetative cells
and completely blocked its pheromone-induced nuclear
accumulation [52]. Our discovery that Msg5 localizes
homogenously to both the cytoplasm and the nucleo-
plasm (Fig. 3) is consistent with several means by which
Msg5 might limit the pool of nuclear Fus3. Msg5 could
sequester Fus3 in the cytoplasm, and/or it could dephos-
phorylate Fus3 in either or both compartments. To distin-
guish these possibilities, we examined the effects of
altering Msg5 activity and localization on Fus3-GFP parti-
tioning. We found that overexpression of Msg5C319A, an
enzymatically dead form of the phosphatase, lowered the
basal RNCF as effectively as the overexpressed wild type
enzyme (Table 1). This indicates that Msg5 can sequester
Fus3 in the cytoplasm. However, we do not believe that
Msg5 tethering of Fus3 greatly influences Fus3 localiza-
tion, as the Fus3:Msg5 protein ratio is about 16:1 in vege-
tative cells, and the pheromone-induction of FUS3
transcription is slightly greater than that of MSG5 [73].
A potentially more important finding is shown in Table 1.
As compared to excess wild type Msg5, overexpressed
Msg5C319A was clearly defective in its ability to inhibit the
nuclear accumulation of Fus3 in pheromone-treated cells.
This implies that Msg5 phosphatase activity regulates the
partitioning of Fus3 in mating cells. Given that Msg5 is
overexpressed from the strong GAL1 promoter in these
experiments, however, the extent to which dephosphor-
ylation of Fus3 by Msg5 affects the localization of the
kinase under physiological conditions was unclear. We
were also interested to know whether Fus3 inactivation
could be specifically attributed to the nuclear Msg5 phos-
phatase activity, as the cytoplasmic and nuclear pools of
Msg5 could play distinct roles in Fus3 regulation. To
address these questions, we constructed a set of three
strains designed to express the same total amount of Msg5
in each compartment, but which are distinguished by
whether they express Msg5 phosphatase activity in the
cytoplasm, the nucleus, or both. Although Msg5 appears
to be at least slightly overexpressed in these strains, as
indicated by the halo tests (Fig. 4), the Msg5 levels are pre-
sumed to be more nearly normal than in the cells express-
ing MSG5 from the GAL1 promoter (compare the halo
formed by the GAL1-MSG5 cells to the halos formed by
the other strains). In essence, these strains allow us to ask
what happens to the localization of Fus3 when Msg5
phosphatase activity is specifically turned off in either the
nucleus or cytoplasm, while holding the total amount of
Msg5 constant. Our data indicate that Fus3 hyper-local-
izes to the nuclei of pheromone-treated cells lacking Msg5Page 9 of 15
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contrast, loss of Msg5 phosphatase activity had no effect
on the partitioning of Fus3 in vegetative cells (Table 1).
These results strongly suggest that dephosphorylation/
inactivation of Fus3 is an important means of regulating
its localization in cells responding to pheromone, and
that Msg5 performs this function in both the nucleus and
cytoplasm.
Consistent with our previous results [52], the hyper-accu-
mulation of Fus3 in the nuclei of Msg5 phosphatase-defi-
cient cells correlated with increased sensitivity to
pheromone-induced cell cycle arrest: The halos formed by
cells lacking Msg5 phosphatase activity in the nucleus or
cytoplasm were larger and less filled than those formed by
the control cells (Fig. 4). Interestingly, loss of nuclear
Msg5 phosphatase activity conferred a slightly more sen-
sitive halo phenotype than loss of Msg5 phosphatase
activity in the cytoplasm, suggesting that nuclear Msg5 has
a greater impact on Fus3 regulation of the cell cycle than
the cytoplasmic pool of the phosphatase.
A limitation of these Msg5-partitioning experiments is
that we did not directly measure the nuclear and cytoplas-
mic levels of the various Msg5 forms. Although such
measurements could strengthen our conclusions in prin-
ciple, immunoblot-quantification of Msg5 after cell frac-
tionation would not be sufficiently precise to be
meaningfully correlated with the RNCF differentials that
we observed. A priori, it is possible that the M45A or
C319A substitutions in Msg5 could decrease its half-life.
However, Flandez et al. have shown that myc-tagged
Msg5M45A is no less stable than the myc-tagged wild type
protein [68], and the results of our Fus3-GFP localization
assays argue strongly against the possibility that the
C319A mutation destabilizes Msg5. As shown in Table 1,
overexpression of Msg5M45AC319A has the exact same
impact on the basal RNCF as does the overexpression of
Msg5, and expression of NES-Msg5M45AC319A instead of
NES-Msg5M45A had no effect on the basal RNCFs. (If the
C319A substitution conferred a significant decrease in the
steady-state level of cytoplasmic Msg5, we would expect
the basal RNCF values to increase, as is the case in msg5Δ
cells [52]). Finally, even if we suppose that the steady-state
level of NLS-Msg5M45AC319A is lower than that of NLS-
Msg5M45A, we would expect to find this difference in all
the strains analyzed for Fig. 4 and the bottom section of
Table 1. Instead of concluding that the Msg5 phosphatase
activity in both the cytoplasm and nucleus inhibits phe-
romone-induced Fus3 nuclear localization, we would
conclude simply that both cytoplasmic and nuclear Msg5
inhibits pheromone-induced Fus3 nuclear localization.
Nucleo-cytoplasmic partitioning of Fus3–a switch and a 
timer
Considering our results with those of others, pheromone-
induced nuclear accumulation can be explained quite
simply as follows: Fus3 diffuses freely into and out of the
nucleus at a rate that is unaffected by pheromone [51].
When the cell is exposed to pheromone, Fus3 is phospho-
rylated by Ste7, which causes it to shift to its active confor-
mation. Activation of the kinase triggers its dissociation
from Ste5 [53], while increasing its affinity for its nuclear
targets. The interaction of Fus3 with its nuclear targets
then retards its diffusion out of the nucleus. In short, Fus3
accumulates in the nucleus of pheromone-treated cells as
the result of signal-induced changes in cytoplasmic and
nuclear tethering. Fus3/Ste12-induced transcription of
nuclear tethers (e.g., Dig2) would be expected to further
increase the retention of Fus3 in the nucleus, thus creating
a positive feedback loop. The fact that the absence of Dig1
or Dig2 did not affect the basal RNCF or completely
inhibit the pheromone-induced increase in the RNCF sug-
gests that there are other proteins involved in the nuclear
tethering of Fus3.
Our results also suggest that Msg5 antagonizes the nuclear
localization of Fus3. By removing the activating phos-
phates on Fus3, Msg5 decreases its affinity for its nuclear
tethers. In addition to promoting adaptation to pherom-
one and return to the ground-state partitioning of Fus3
after cell fusion, this mechanism may play an important
role in regulating the mating response. Looking at the sys-
tem as a whole, the primary job of the MAPK is to report
the status of the membrane-bound receptor to the
nucleus. As long as Fus3 remains active, the cell is insensi-
tive to changes in receptor signaling. Msg5 limits the dura-
tion of Fus3 activity, thereby ensuring that the kinase
periodically re-associates with the Ste5 scaffold, where it
receives updates about the upstream elements in the path-
way. Thus, Msg5 is a timer. By continually reversing the
Fus3 activation switch (phosphorylation), Msg5 sharpens
the temporal connection between the stimulus and
response.
If the nuclear accumulation of Fus3 is due to pheromone-
induced tethering, as we suggest, then the flux of Fus3
from the nucleus to cytoplasm of cells responding to phe-
romone should decrease. Why was this change undetected
when vanDrogen et al. tried to measure it? Most likely, the
decrease in Fus3 "export" due to induced nuclear tether-
ing is too small to be observed by FRAP analysis. The error
in their measurement (~9%) is much greater than the rate
change in Fus3 movement out of the nucleus that we
would expect to see, assuming the nuclear accumulation
of Fus3 is linear over time.Page 10 of 15
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Fus3 that cannot be phosphorylated should be unable to
accumulate in the nuclei of pheromone-treated cells.
Indeed, the induced RNCF of the Fus3T180AY182A-GFP
reporter is significantly lower than normal (Table 1). On
the other hand, pheromone treatment of wild type cells
expressing Fus3T180AY182A-GFP does induce some increase
in RNCF. If the phosphorylation of Fus3 is essential to its
nuclear tethering, then why does the Fus3T180AY182A-GFP
reporter accumulate in the nuclei of pheromone-treated
cells at all? One possibility is that Fus3T180AY182A-GFP
dimerizes with wild type Fus3, and these heterodimers are
retained in the nucleus by a subset of Fus3 targets. In sup-
port of this explanation, Fus3 interacts with itself in the
two-hybrid assay [74], and the Erk MAPKs are known to
dimerize in response to stimulus [75]. Although we have
not tested Fus3 dimerization directly, one of our previ-
ously published observations is consistent with it: Phe-
romone induces the nuclear accumulation of the
Fus3T180AY182A-GFP reporter in cells expressing either Fus3
or Kss1 (which also interacts with Fus3 in the two-hybrid
assay), but not in cells lacking functional copies of both
these MAPKs [52]. Alternatively, the phosphorylation of
Fus3 may be necessary for its efficient tethering by some
nuclear proteins (e.g., Dig1 and Dig2), but not others. In
this view, the pheromone-induced nuclear accumulation
of Fus3T180AY182A-GFP would require expression of func-
tional Fus3 or Kss1 because tethering is augmented by the
MAPK-dependent phosphorylation of some Fus3 anchor-
ing proteins.
Conclusion
Our findings suggest that phosphorylation of Fus3 aug-
ments its ability to interact with nuclear tethers, which
explains the nuclear accumulation of Fus3 observed after
pheromone pathway activation. Additionally, the Msg5
phosphatase counteracts the nuclear accumulation of
Fus3 by dephosphorylating it in both the nucleus and the
cytoplasm. The continual dephosphorylation of Fus3
throughout the cell may enhance the temporal sensitivity
of the pheromone pathway, thereby promoting a rapid
adjustment of signalling intensity in response to changes
in the pheromone gradient.
Methods
Molecular and microbiological techniques
Recombinant DNA techniques were essentially as
described by Sambrook et al. [76] and by Ausubel et al.
[77].
Yeast transformations were carried out according to the
method of Ito et al. [78]. Yeast growth media were pre-
pared as described by Sherman et al. [79]. Amino acids
were omitted as necessary to select for plasmids. For
experiments requiring the induction of the GAL1-regu-
lated genes, cells were either grown to mid-log phase in
sucrose medium and galactose added to a final concentra-
tion of 2%, or the cells were cultured overnight in
medium containing galactose. The yeast strains used in
this study are listed in Table 2.
Plasmids and strains
All strains used in the present study were derived from
strain 15Dau (MATa bar1Δ ade1 his2 leu2–3,112 trp1
ura3Δ), which is isogenic with strain BF264-15D [80].
Deletion mutations were created by transformation with
disruption plasmids and PCR products containing the
yeast markers URA3 and LEU2 and the bacterial markers
KanMx and HISG (Table 3). KanMx deletion cassettes
were also amplified from the yeast deletion library [81].
Disruptions were confirmed by genomic PCR analysis and
by pheromone response assays.
The plasmids used in this study are listed in Table 3. The
construction of those that were created for this investiga-
tion is described below. All mutations were introduced
using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA), and all mutagenized products
were sequenced by either Macrogen (Seoul, Korea) or
Functional Biosciences, Inc. (Madison, WI).
(i) GAL-MSG5C319A (TBB109)
The phosphatase dead version of Msg5 was created using
the GAL1-MSG5 plasmid HKB100 [52] as a template. The
primers used to introduce the C319A mutation were 5'-
CTCGTACACGCTCAGTGTGG AGTATCAAGA TCGG-3'
and 5'-CCGATCTTGA TACTCCACAC TGAGCGTGTA
CGAG-3'. The substitutions are underlined.
Table 2: S. cerevisiae strains used in this study
Strain Relevant genotype Source
15Dau MATa bar1Δ ade1 his2 leu2–3,112 trp1 ura3Δ [80]
IHY165 MATa bar1Δ ade1 his2 leu2–3,112 trp1 ura3Δ fus3Δ::LEU2 kss1Δ::KanMx This study
TBY281 MATa bar1Δ ade1 his2 leu2–3,112 trp1 ura3Δ fus3Δ::LEU2 dig1Δ::KanMx This study
TBY287 MATa bar1Δ ade1 his2 leu2–3,112 trp1 ura3Δ fus3Δ::LEU2 dig2Δ::KanMx This study
HKY137 MATa bar1Δ ade1 his2 leu2–3,112 trp1 ura3Δ msg5Δ::LEU2 This studyPage 11 of 15
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The 0.680 kb BamHI-EcoRI fragment containing the diver-
gent GAL1/GAL10 promoter was moved from YCpG2 [82]
to the polylinker of YCplac22 [69] to create plasmid
ZWB159. The STE12 coding region (-20 to 2200) was
amplified from genomic DNA by using the following
primers: 5'-TGACCAAGCTTGAATTGTCT TGTTCACCAA
GG-3', which contains a HindIII site (underlined), and 5'-
AAACTGCAGG CTCTAGTCTT GTATAAGATT G-3', which
contains a PstI site (underlined). The STE12 PCR product
was then digested with HindIII and PstI, and ligated into
HindIII-PstI-cut ZWB159 to create the GAL1-STE12 tran-
scriptional fusion vector.
(iii) NLS-MSG5M45A (TBB172, TBB181) and NES-MSG5M45A 
(TBB174, TBB180)
The MSG5 coding region and promoter (-381 to 1470)
were amplified from genomic DNA using the following
primers: 5'-CCAACTGCAG ATGGTCCATC CTGGTAAG-
3', which contains a PstI site (underlined), and 5'-
GCGCGGATCC TTAAGGAAGA AACATCATCT GTT-3',
which contains a BamHI site (underlined). The MSG5
PCR product was then digested with PstI and BamHI, and
ligated into PstI-BamHI-cut YCplac22 [69]. To introduce
the M45A mutation, the resulting MSG5/YCplac22 plas-
mid was amplified using the following primers: 5'-
GGCTTGGCGA TGAGAATTCC GCTAATGGAT GGAGT-
GCTGC-3' and 5'-GCAGCACTCC ATCCATTAGC GGAAT-
TCTCA TCGCCAAGCC-3'. The mutations are underlined.
The resulting MSG5M45A plasmid was then used as a tem-
plate in two mutagenic PCR reactions designed to insert
either the NLS sequence [66] or the NES sequence [67]
immediately after the MSG5 start codon. The NLS tag was
added using the following primers: 5'-GGTAGCGATA
AGTGCACATG CCGAAGAAGAAGCGCAAGGTGCAATT-
TCAC TCAGATAAGC AGC-3' and 5'-GCTGCTTATC
TGAGTGAAAT TGCACCTTGCGCTTCTTCTTCGGCAT-
GTGC ACTTATCGCT ACC-3'. The NLS region is under-
lined. The NES tag was added using the following primers:
5'-GGTAGCGATA AGTGCACATG CTCCAGCTCCCAC-
CACTCGAGCGACTCACACTCCAATTTC ACTCAGATAA
GCAGC-3' and 5'-GCTGCTTATC TGAGTGAAAT
TGGAGTGTGAGTCGCTCGAGTGGTGGGAGCTGGAG-
CATGT GCACTTATCG CTACC-3'. The NES region is
underlined. The resulting plasmids, YCplac22 NLS-
MSG5M45A and YCplac22 NES-MSG5M45A (TBB172 and
TBB174), were digested with BamHI and PstI. The NLS-
MSG5M45A and NES-MSG5M45A fragments were then puri-
fied and ligated into PstI-BamHI-cut YCplac33 to generate
the desired YCplac33 NLS-MSG5M45A and YCplac33 NES-
MSG5M45A plasmids (TBB181 and TBB180).
(iv) NLS-MSG5M45A C319A (TBB178) and NES-MSG5M45A C319A 
(TBB176)
To generate the C319A mutation in MSG5, plasmids
TBB172 and TBB174 were used as templates. The muta-
genic primers were: 5'-CTCGTACACGCTCAGTGTGG
AGTATCAAGA TCGG-3' and 5'-CCGATCTTGA TACTC-
CACAC TGAGCGTGTA CGAG-3'. The substitutions are
underlined.
(v) NLS-MSG5M45A-GFP (TBB171) and NES-MSG5M45A-GFP 
(TBB170)
The MSG5-GFP plasmid, HKY 101 [52], was used as a
template for two PCR reactions designed to insert either
the NLS sequence [66] or the NES sequence [67] immedi-
Table 3: Plasmids used in this study
Plasmid Marker Source
pIH4.1 URA3 CEN FUS3-GFP [52]
pIH4.1AA URA3 CEN FUS3T180AY182A-GFP [52]
YCplac22/FUS3-GFP (AOB117) TRP1 CEN FUS3-GFP [52]
YCplac22/FUS3T180AY182A-GFP (TBB182) TRP1 CEN FUS3T180AY182A-GFP [52]
pRS316CG/MSG5-GFP (HKB101) URA3 CEN MSG5-GFP [52]
YCplac111/GAL1-MSG5 (HKB100) LEU2 CEN GAL1-MSG5 [52]
YCplac22/GAL1-MSG5 (AEB101) TRP1 CEN GAL1-MSG5 [52]
YCplac111/GAL1-MSG5C319A (TBB109) LEU2 CEN GAL1-MSG5C319A This study
YCplac22/GAL1-STE12 (TBB157) TRP1 CEN GAL1-STE12 This study
YCplac22/NLS-MSG5M45A (TBB172) TRP1 CEN NLS-MSG5M45A This study
YCplac22/NES-MSG5M45A (TBB174) TRP1 CEN NES-MSG5M45A This study
YCplac33/NLS-MSG5M45A (TBB181) URA3 CEN NLS-MSG5M45A This study
YCplac33/NES-MSG5M45A (TBB180) URA3 CEN NES-MSG5M45A This study
YCplac22/NLS-MSG5M45AC319A (TBB178) TRP1 CEN NLS-MSG5M45AC319A This study
YCplac22/NES-MSG5M45AC319A (TBB176) TRP1 CEN NES-MSG5M45AC319A This study
pRS316CG/NLS-MSG5-GFPM45A (TBB171) URA3 CEN NLS-MSG5M45A-GFP This study
pRS316CG/NES-MSG5-GFPM45A (TBB170) URA3 CEN NES-MSG5M45A-GFP This study
YEplac181/PTP2-GFP LEU2 2 μ PTP2-GFP [84]
YEplac181/PTP3-GFP LEU2 2 μ PTP3-GFP [84]Page 12 of 15
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using the following primers: 5'-GGTAGCGATA AGTGCA-
CATG CCGAAGAAGAAGCGCAAGGTGCAATTTCAC
TCAGATAAGC AGC-3' and 5'-CCATCGCTAT TCACGTG-
TAC GGCTTCTTCTTCGCGTTCCACGTTAAAGTG AGTC-
TATTCG TCG-3'. The NLS region is underlined. The NES
was added using the following primers: 5'-GGTAGCGATA
AGTGCACATG CTCCAGCTCCCACCACTCGAGCGACT-
CACACTCCAATTTC ACTCAGATAA GCAGC-3' and 5'-
CCATCGCTAT TCACGTGTAC GAGGTCGAGGGTGGT-
GAGCTCGCTGAGTGTGAGGTTAAAG TGAGTCTATT
CGTCG-3'. The NES region is underlined. Following iso-
lation of the NLS-MSG5-GFP and NES-MSG5-GFP con-
structs, a 985 bp ClaI-NsiI fragment of MSG5 (46–1031
bp), was replaced in each with the corresponding frag-
ment from TBB172, which contains the M45A mutation.
The resulting plasmids were designated NLS-MSG5M45A-
GFP and NES-MSG5M45A-GFP.
(vi) YCplac22/Fus3T180A Y182A-GFP (TBB182)
The EcoRI-SacI fragment containing the Fus3T180AY182A-
GFP translational fusion was moved from IH4.1AA [52]
to YCplac22 [69].
Pheromone response halo tests
Strains were tested for pheromone-induced growth inhi-
bition in standard halo assays as previously described
[83].
Photomicrographs and quantification of Fus3-GFP 
localization
Fluorescent and differential interference contrast (DIC)
images were acquired using a Zeiss Axioskop 2 micro-
scope fitted with a Zeiss AxioCam digital camera, and
processed using Zeiss AxioVision software. Localization of
Fus3-GFP was performed as described in [52]. Briefly, the
Fus3-GFP signal was quantified from digital images by
using the histogram function of Adobe Photoshop 5.5. A
circle of set size was used to sample the brightness of the
nucleus and cytoplasm of cells from randomly chosen
fields. The ratio of nuclear to cytoplasmic fluorescence
was rounded to the nearest 0.1, and values corresponding
to at least 25 cells for each strain and condition were plot-
ted in histograms. All such experiments were performed at
least three times and individual experiments illustrating
the general trend seen throughout all experiments are pre-
sented. Student's t-test was used for statistical analysis.
Authors' contributions
EB constructed strains and plasmids, performed the Fus3
localization assays and halo tests, and drafted the manu-
script in collaboration with DS. HK constructed strains
and plasmids and collected the data presented in Fig. 3.
DS conceived of the study and participated in its design




The authors would like to thank Sam Stone and William Lu for technical 
assistance, and Ed Draper and Dmitry Suchkov for critical reading of the 
manuscript. The authors would also like to thank I. M. Ota for providing 
plasmids YEplac181/PTP2-GFP and YEplac/PTP3-GFP. This work was sup-
ported by National Science Foundation grant #MCB-0453964.
References
1. Arbabi S, Maier RV: Mitogen-activated protein kinases.  Crit Care
Med 2002, 30(1 Supp):S74-S79.
2. Cowan KJ, Storey KB: Mitogen-activated protein kinases: new
signaling pathways functioning in cellular responses to envi-
ronmental stress.  J Exp Biol 2003, 206(Pt 7):1107-1115.
Additional file 1
RNCF calculations for strains listed in Table 1. Description: Strains of the 
indicated genotype were transformed with Fus3-GFP (A and E-I) or 
Fus3T180AY182A-GFP (B-D) and grown to mid-log phase. The cultures 
were then split and grown with or without the addition of 12 nM pherom-
one. Images were acquired from the treated and untreated cells three 
hours later. The RNCF values were determined as described in the Mate-
rials and Methods, and their distributions represented in histograms. The 
number of cells (y axis) is plotted as a function of the RNCF values (x 
axis). Mean RNCF values are indicated ± s.d. In each panel, the 
untreated and treated cultures are represented by the left and right histo-
grams, respectively. Arrows indicate the mean RNCF value for each cul-
ture. (A)Wild type cells with Fus3-GFP; (B) Wild type cells with 
Fus3T180AY182A-GFP; (C) dig1Δ cells; (D)dig2Δ cells; (E) Msg5 overex-
pression cells; (F) MSG5M45AC319A overexpression cells; (G) NES-
MSG5M45A/NLS-MSG5M45A cells; (H) NES-MSG5M45A/NLS-
MSG5M45AC319A cells; (I) NES-MSG5M45AC319A/NLS-MSG5M45A cells.




Ste12 overexpression causes hyper-accumulation of Fus3 in the nuclei of 
pheromone-treated cells. Wild type cells were transformed with either the 
Fus3-GFP reporter or the Fus3T180AY182A-GFP reporter, and either the 
GAL1-STE12 plasmid or an empty vector. Strains were grown to mid-log 
phase in sucrose medium and galactose was added to a concentration of 
2% two hours before pheromone treatment (GAL1 promoter on). The cul-
tures were then split and grown with or without the addition of 12 nM 
pheromone. Images were acquired from the untreated and treated cultures 
in 2 hour intervals. The 2 hr, 4 hr, and 6 hr time points indicate time 
elapsed after galactose induction. (A) untreated wild type cells expressing 
Fus3-GFP; (B) pheromone-treated wild type cells expressing Fus3-GFP; 
(C) untreated cells expressing Fus3-GFP and overexpressing Ste12; (D) 
pheromone-treated cells expressing Fus3-GFP and overexpressing Ste12; 
(E) untreated cells expressing Fus3T180AY182A-GFP and overexpressing 
Ste12; (F) pheromone-treated cells expressing Fus3T180AY182A-GFP and 
overexpressing Ste12.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2121-8-44-S2.png]Page 13 of 15
(page number not for citation purposes)
BMC Cell Biology 2007, 8:44 http://www.biomedcentral.com/1471-2121/8/443. de Nadal E, Alepuz PM, Posas F: Dealing with osmostress
through MAP kinase activation.  EMBO Rep 2002, 3(8):735-740.
4. Sheikh-Hamad D, Gustin MC: MAP kinases and the adaptive
response to hypertonicity: functional preservation from
yeast to mammals.  Am J Physiol Renal Physiol 2004,
287(6):F1102-10.
5. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Ber-
man K, Cobb MH: Mitogen-activated protein (MAP) kinase
pathways: regulation and physiological functions.  Endocr Rev
2001, 22(2):153-183.
6. Widmann C, Gibson S, Jarpe MB, Johnson GL: Mitogen-activated
protein kinase: conservation of a three-kinase module from
yeast to human.  Physiol Rev 1999, 79(1):143-180.
7. Bind E, Kleyner Y, Skowronska-Krawczyk D, Bien E, Dynlacht BD,
Sanchez I: A novel mechanism for mitogen-activated protein
kinase localization.  Mol Biol Cell 2004, 15(10):4457-4466.
8. Whitehurst A, Cobb MH, White MA: Stimulus-coupled spatial
restriction of extracellular signal-regulated kinase 1/2 activ-
ity contributes to the specificity of signal-response pathways.
Mol Cell Biol 2004, 24(23):10145-10150.
9. Dickens M, Rogers JS, Cavanagh J, Raitano A, Xia Z, Halpern JR,
Greenberg ME, Sawyers CL, Davis RJ: A cytoplasmic inhibitor of
the JNK signal transduction pathway.  Science 1997,
277(5326):693-696.
10. Ajenjo N, Canon E, Sanchez-Perez I, Matallanas D, Leon J, Perona R,
Crespo P: Subcellular localization determines the protective
effects of activated ERK2 against distinct apoptogenic stim-
uli in myeloid leukemia cells.  J Biol Chem 2004,
279(31):32813-32823.
11. Colucci-D'Amato L, Perrone-Capano C, di Porzio U: Chronic acti-
vation of ERK and neurodegenerative diseases.  Bioessays 2003,
25(11):1085-1095.
12. Brunet A, Roux D, Lenormand P, Dowd S, Keyse S, Pouyssegur J:
Nuclear translocation of p42/p44 mitogen-activated protein
kinase is required for growth factor-induced gene expression
and cell cycle entry.  Embo J 1999, 18(3):664-674.
13. Fanger GR: Regulation of the MAPK family members: role of
subcellular localization and architectural organization.  Histol
Histopathol 1999, 14(3):887-894.
14. Marshall CJ: Specificity of receptor tyrosine kinase signaling:
transient versus sustained extracellular signal-regulated
kinase activation.  Cell 1995, 80(2):179-185.
15. Racke FK, Lewandowska K, Goueli S, Goldfarb AN: Sustained acti-
vation of the extracellular signal-regulated kinase/mitogen-
activated protein kinase pathway is required for megakaryo-
cytic differentiation of K562 cells.  J Biol Chem 1997,
272(37):23366-23370.
16. Tanimura S, Nomura K, Ozaki K, Tsujimoto M, Kondo T, Kohno M:
Prolonged nuclear retention of activated extracellular sig-
nal-regulated kinase 1/2 is required for hepatocyte growth
factor-induced cell motility.  J Biol Chem 2002,
277(31):28256-28264.
17. Whalen AM, Galasinski SC, Shapiro PS, Nahreini TS, Ahn NG: Meg-
akaryocytic differentiation induced by constitutive activa-
tion of mitogen-activated protein kinase kinase.  Mol Cell Biol
1997, 17(4):1947-1958.
18. Chen RH, Sarnecki C, Blenis J: Nuclear localization and regula-
tion of erk- amd rsk-encoded protein kinases.  Mol Cell Biol
1992, 12:915-927.
19. Burack WR, Shaw AS: Live Cell Imaging of ERK and MEK: sim-
ple binding equilibrium explains the regulated nucleocyto-
plasmic distribution of ERK.  J Biol Chem 2005, 280(5):3832-3837.
20. Fujioka A, Terai K, Itoh RE, Aoki K, Nakamura T, Kuroda S, Nishida
E, Matsuda M: Dynamics of the Ras/ERK MAPK cascade as
monitored by fluorescent probes.  J Biol Chem 2006,
281(13):8917-8926.
21. Adachi M, Fukuda M, Nishida E: Two co-existing mechanisms for
nuclear import of MAP kinase: passive diffusion of a mono-
mer and active transport of a dimer.  Embo J 1999,
18(19):5347-5358.
22. Matsubayashi Y, Fukuda M, Nishida E: Evidence for existence of a
nuclear pore complex-mediated, cytosol-independent path-
way of nuclear translocation of ERK MAP kinase in permea-
bilized cells.  J Biol Chem 2001, 276(45):41755-41760.
23. Whitehurst AW, Wilsbacher JL, You Y, Luby-Phelps K, Moore MS,
Cobb MH: ERK2 enters the nucleus by a carrier-independent
mechanism.  Proc Natl Acad Sci U S A 2002, 99(11):7496-7501.
24. Julien C, Coulombe P, Meloche S: Nuclear export of ERK3 by a
CRM1-dependent mechanism regulates its inhibitory action
on cell cycle progression.  J Biol Chem 2003,
278(43):42615-42624.
25. Kondoh K, Terasawa K, Morimoto H, Nishida E: Regulation of
nuclear translocation of extracellular signal-regulated kinase
5 by active nuclear import and export mechanisms.  Mol Cell
Biol 2006, 26(5):1679-1690.
26. Ferrigno P, Posas F, Koepp D, Saito H, Silver PA: Regulated nucleo/
cytoplasmic exchange of HOG1 MAPK requires the impor-
tin beta homologs NMD5 and XPO1.  Embo J 1998,
17(19):5606-5614.
27. Fukuda M, Gotoh I, Adachi M, Gotoh Y, Nishida E: A novel regula-
tory mechanism in the mitogen-activated protein (MAP)
kinase cascade. Role of nuclear export signal of MAP kinase
kinase.  J Biol Chem 1997, 272(51):32642-32648.
28. Karlsson M, Mathers J, Dickinson RJ, Mandl M, Keyse SM: Both
nuclear-cytoplasmic shuttling of the dual specificity phos-
phatase MKP-3 and its ability to anchor MAP kinase in the
cytoplasm are mediated by a conserved nuclear export sig-
nal.  J Biol Chem 2004, 279(40):41882-41891.
29. Whitehurst AW, Robinson FL, Moore MS, Cobb MH: The death
effector domain protein PEA-15 prevents nuclear entry of
ERK2 by inhibiting required interactions.  J Biol Chem 2004,
279(13):12840-12847.
30. Torii S, Kusakabe M, Yamamoto T, Maekawa M, Nishida E: Sef is a
spatial regulator for Ras/MAP kinase signaling.  Dev Cell 2004,
7(1):33-44.
31. Pulido R, Zuniga A, Ullrich A: PTP-SL and STEP protein tyrosine
phosphatases regulate the activation of the extracellular sig-
nal-regulated kinases ERK1 and ERK2 by association through
a kinase interaction motif.  Embo J 1998, 17(24):7337-7350.
32. Zuniga A, Torres J, Ubeda J, Pulido R: Interaction of mitogen-acti-
vated protein kinases with the kinase interaction motif of the
tyrosine phosphatase PTP-SL provides substrate specificity
and retains ERK2 in the cytoplasm.  J Biol Chem 1999,
274(31):21900-21907.
33. Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, Pierce KL,
Lefkowitz RJ: Activation and targeting of extracellular signal-
regulated kinases by beta-arrestin scaffolds.  Proc Natl Acad Sci
U S A 2001, 98(5):2449-2454.
34. Pettiford SM, Herbst R: The protein tyrosine phosphatase
HePTP regulates nuclear translocation of ERK2 and can
modulate megakaryocytic differentiation of K562 cells.
Leukemia 2003, 17(2):366-378.
35. Mandl M, Slack DN, Keyse SM: Specific inactivation and nuclear
anchoring of extracellular signal-regulated kinase 2 by the
inducible dual-specificity protein phosphatase DUSP5.  Mol
Cell Biol 2005, 25(5):1830-1845.
36. Reiser V, Ruis H, Ammerer G: Kinase activity-dependent
nuclear export opposes stress-induced nuclear accumulation
and retention of Hog1 mitogen-activated protein kinase in
the budding yeast Saccharomyces cerevisiae.  Mol Biol Cell
1999, 10(4):1147-1161.
37. Alepuz PM, Jovanovic A, Reiser V, Ammerer G: Stress-induced
map kinase Hog1 is part of transcription activation com-
plexes.  Mol Cell 2001, 7(4):767-777.
38. Mattison CP, Ota IM: Two protein tyrosine phosphatases, Ptp2
and Ptp3, modulate the subcellular localization of the Hog1
MAP kinase in yeast.  Genes Dev 2000, 14(10):1229-1235.
39. van Drogen F, Peter M: Spa2p functions as a scaffold-like pro-
tein to recruit the Mpk1p MAP kinase module to sites of
polarized growth.  Curr Biol 2002, 12(19):1698-1703.
40. Gaits F, Degols G, Shiozaki K, Russell P: Phosphorylation and
association with the transcription factor Atf1 regulate local-
ization of Spc1/Sty1 stress-activated kinase in fission yeast.
Genes Dev 1998, 12:1464-1473.
41. Herskowitz I: MAP kinase pathways in yeast:  for mating and
more.  Cell 1995, 80:187-197.
42. Gustin MC, Albertyn J, Alexander M, Davenport K: MAP kinase
pathways in the yeast Saccharomyces cerevisiae.  Microbiol Mol
Biol Rev 1998, 62(4):1264-1300.Page 14 of 15
(page number not for citation purposes)
BMC Cell Biology 2007, 8:44 http://www.biomedcentral.com/1471-2121/8/4443. Bardwell L: A walk-through of the yeast mating pheromone
response pathway.  Peptides 2004, 25(9):1465-1476.
44. Breitkreutz A, Boucher L, Tyers M: MAPK specificity in the yeast
pheromone response independent of transcriptional activa-
tion.  Curr Biol 2001, 11(16):1266-1271.
45. Elion E, Satterberg B, Kranz JE: FUS3 phosphorylates multiple
components of the mating signal transduction cascade:  evi-
dence for STE12 and FAR1.  Mol Biol Cell 1993, 4:495-510.
46. Tedford K, Kim S, Sa D, Stevens K, Tyers M: Regulation of the
mating pheromone and invasive growth responses in yeast
by two MAP kinase substrates.  Curr Biol 1997, 7(4):228-238.
47. Peter M, Gartner A, Horecka J, Ammerer G, Herskowitz I: FAR1
links the signal transduction pathway to the cell cycle
machinery in yeast.  Cell 1993, 73(4):747-760.
48. Matheos D, Metodiev M, Muller E, Stone D, Rose MD: Pheromone-
induced polarization is dependent on the Fus3p MAPK act-
ing through the formin Bni1p.  J Cell Biol 2004, 165(1):99-109.
49. Li E, Cismowski MJ, Stone DE: Phosphorylation of the pherom-
one-responsive Gbeta protein of Saccharomyces cerevisiae
does not affect its mating-specific signaling function.  Mol Gen
Genet 1998, 258(6):608-618.
50. Choi KY, Kranz JE, Mahanty SK, Park KS, Elion EA: Characteriza-
tion of Fus3 localization: active Fus3 localizes in complexes
of varying size and specific activity.  Mol Biol Cell 1999,
10(5):1553-1568.
51. van Drogen F, Peter M: MAP kinase dynamics in yeast.  Biol Cell
2001, 93(1-2):63-70.
52. Blackwell E, Halatek IM, Kim HJ, Ellicott AT, Obukhov AA, Stone DE:
Effect of the pheromone-responsive G(alpha) and phos-
phatase proteins of Saccharomyces cerevisiae on the subcel-
lular localization of the Fus3 mitogen-activated protein
kinase.  Mol Cell Biol 2003, 23(4):1135-1150.
53. Choi KY, Satterberg B, Lyons DM, Elion EA: Ste5 tethers multiple
protein kinases in the MAP kinase cascade required for mat-
ing in S. cerevisiae.  Cell 1994, 78(3):499-512.
54. Kusari AB, Molina DM, Sabbagh W Jr., Lau CS, Bardwell L: A con-
served protein interaction network involving the yeast MAP
kinases Fus3 and Kss1.  J Cell Biol 2004, 164(2):267-277.
55. Bardwell L, Cook JG, Zhu-Shimoni JX, Voora D, Thorner J: Differen-
tial regulation of transcription: repression by unactivated
mitogen-activated protein kinase Kss1 requires the Dig1 and
Dig2 proteins.  Proc Natl Acad Sci U S A 1998, 95(26):15400-15405.
56. Olson KA, Nelson C, Tai G, Hung W, Yong C, Astell C, Sadowski I:
Two regulators of Ste12p inhibit pheromone-responsive
transcription by separate mechanisms.  Mol Cell Biol 2000,
20(12):4199-4209.
57. Dolan JW, Kirkman C, Fields S: The yeast STE12 protein binds
to the DNA sequence mediating pheromone induction.  Proc
Natl Acad USA 1989, 88:5703-5707.
58. Errede B, Ammerer G: STE12, a protein involved in cell-type-
specific transcription and signal transduction in yeast, is part
of protein-DNA complexes.  Genes Dev 1989, 3(9):1349-1361.
59. Song O, Dolan JW, Yuan YO, Fields S: Pheromone-dependent
phosphorylation of the yeast STE12 protein correlates with
transcriptional activation.  Genes & Dev 1991, 5:741-750.
60. Gartner A, Nasmyth K, Ammerer G: Signal transduction in Sac-
charomyces cerevisiae requires tyrosine and threonine
phosphorylation of FUS3 and KSS1.  Genes Dev 1992,
6(7):1280-1292.
61. Hung W, Olson KA, Breitkreutz A, Sadowski I: Characterization of
the basal and pheromone-stimulated phosphorylation states
of Ste12p.  Eur J Biochem 1997, 245(2):241-251.
62. Bardwell L, Cook JG, Voora D, Baggott DM, Martinez AR, Thorner J:
Repression of yeast Ste12 transcription factor by direct bind-
ing of unphosphorylated Kss1 MAPK and its regulation by
the Ste7 MEK.  Genes Dev 1998, 12(18):2887-2898.
63. Doi K, Gartner A, Ammerer G, Errede B, Shinkawa H, Sugimoto K,
Matsumoto K: MSG5, a novel protein phosphatase promotes
adaptation to pheromone response in S. cerevisiae.  Embo J
1994, 13(1):61-70.
64. Jacoby T, Flanagan H, Faykin A, Seto AG, Mattison C, Ota I: Two
protein-tyrosine phosphatases inactivate the osmotic stress
response pathway in yeast by targting the mitogen-activated
protein kinase, Hog1.  J Biol Chem 1997, 272:17749-17755.
65. Zhan XL, Deschenes RJ, Guan KL: Differential regulation of
FUS3 MAP kinase by tyrosine-specific phosphatases PTP2/
PTP3 and dual-specificity phosphatase MSG5 in Saccharo-
myces cerevisiae.  Genes Dev 1997, 11(13):1690-1702.
66. Bukrinsky MI, Haggerty S, Dempsey MP, Sharova N, Adzhubel A, Spitz
L, Lewis P, Goldfarb D, Emerman M, Stevenson M: A nuclear local-
ization signal within HIV-1 matrix protein that governs infec-
tion of non-dividing cells.  Nature 1993, 365(6447):666-669.
67. Fischer U, Huber J, Boelens WC, Mattaj IW, Luhrmann R: The HIV-
1 Rev activation domain is a nuclear export signal that
accesses an export pathway used by specific cellular RNAs.
Cell 1995, 82(3):475-483.
68. Flandez M, Cosano IC, Nombela C, Martin H, Molina M: Reciprocal
regulation between Slt2 MAPK and isoforms of Msg5 dual-
specificity protein phosphatase modulates the yeast cell
integrity pathway.  J Biol Chem 2004, 279(12):11027-11034.
69. Gietz RD, Sugino A: New yeast-Escherichia coli shuttle vectors
constructed with in vitro mutagenized yeast genes lacking
six-base pair restriction sites.  Gene 1988, 74(2):527-534.
70. Traverse S, Gomez N, Paterson H, Marshall C, Cohen P: Sustained
activation of the mitogen-activated protein (MAP) kinase
cascade may be required for differentiation of PC12 cells.
Comparison of the effects of nerve growth factor and epider-
mal growth factor.  Biochem J 1992, 288 ( Pt 2):351-355.
71. Cook JG, Bardwell L, Kron SJ, Thorner J: Two novel targets of the
MAP kinase Kss1 are negative regulators of invasive growth
in the yeast Saccharomyces cerevisiae.  Genes Dev 1996,
10(22):2831-2848.
72. Zeitlinger J, Simon I, Harbison CT, Hannett NM, Volkert TL, Fink GR,
Young RA: Program-specific distribution of a transcription
factor dependent on partner transcription factor and MAPK
signaling.  Cell 2003, 113(3):395-404.
73. Ghaemmaghami S, Huh WK, Bower K, Howson RW, Belle A,
Dephoure N, O'Shea EK, Weissman JS: Global analysis of protein
expression in yeast.  Nature 2003, 425(6959):737-741.
74. Nelson B, Parsons AB, Evangelista M, Schaefer K, Kennedy K, Ritchie
S, Petryshen TL, Boone C: Fus1p interacts with components of
the Hog1p mitogen-activated protein kinase and Cdc42p
morphogenesis signaling pathways to control cell fusion dur-
ing yeast mating.  Genetics 2004, 166(1):67-77.
75. Khokhlatchev AV, Canagarajah B, Wilsbacher J, Robinson M, Atkinson
M, Goldsmith E, Cobb MH: Phosphorylation of the MAP kinase
ERK2 promotes its homodimerization and nuclear translo-
cation.  Cell 1998, 93:605-615.
76. Sambrook J, Fritsch EF, Maniatis T: Molecular cloning:  a labora-
tory manual.  In Molecular cloning: a laboratory manual Cold Spring
Harbor, New York , Cold Spring Harbor Laboratory; 1989. 
77. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA,
Struhl K: Current Protocols in Molecular Biology.  In Current
Protocols in Molecular Biology Edited by: Janssen K.  John Wiley and
Sons, Inc.; 1994. 
78. Ito H, Fukuda Y, Murata K, Kimura A: Transformation of intact
yeast cells treated with alkali cations.  J Bacteriol 1983,
153(1):163-168.
79. Sherman F, Fink GR, Hicks JB: Laboratory course manual for
methods in yeast genetics.  In Laboratory course manual for methods
in yeast genetics Cold Spring Harbor, New York , Cold Spring Harbor
Laboratory Press, Plainview, NY; 1986. 
80. Reed SI, Hadwiger JA, Lorincz AT: Protein kinase activity associ-
ated with the product of the yeast cell division cycle gene
CDC28.  Proc Natl Acad Sci U S A 1985, 82(12):4055-4059.
81. Brachmann CB, Davies A, Cost GJ, Caputo E, Li J, Hieter P, Boeke JD:
Designer deletion strains derived from Saccharomyces cer-
evisiae S288C: a useful set of strains and plasmids for PCR-
mediated gene disruption and other applications.  Yeast 1998,
14(2):115-132.
82. Mendenhall MD, Richardson HE, Reed SI: Dominant negative pro-
tein kinase mutations that confer a G1 arrest phenotype.
Proc Natl Acad Sci U S A 1988, 85(12):4426-4430.
83. Cole GM, Stone DE, Reed SI: Stoichiometry of G protein subu-
nits affects the Saccharomyces cerevisiae mating pherom-
one signal transduction pathway.  Mol Cell Biol 1990, 10:510-517.
84. Mattison CP, Spencer SS, Kresge KA, Lee J, Ota IM: Differential
regulation of the cell wall integrity mitogen-activated pro-
tein kinase pathway in budding yeast by the protein tyrosine
phosphatases Ptp2 and Ptp3.  Mol Cell Biol 1999,
19(11):7651-7660.Page 15 of 15
(page number not for citation purposes)
